The ABC transporters ABCG5 and ABCG8 limit absorption and promote excretion of dietary plant sterols. It is not known why plant sterols are so assiduously excluded from the body. Here we show that accumulation of plant sterols in mice lacking ABCG5 and ABCG8 (G5G8 -/-mice) profoundly perturbs cholesterol homeostasis in the adrenal gland. The adrenal glands of the G5G8 -/-mice were grossly abnormal in appearance (brown, not white) due to a 91% reduction in cholesterol content. Despite the very low cholesterol levels, there was no compensatory increase in cholesterol synthesis or in lipoprotein receptor expression. Moreover, levels of ABCA1, which mediates sterol efflux, were increased 10-fold in the G5G8 -/-adrenals. Adrenal cholesterol levels returned to nearnormal levels in mice treated with ezetimibe, which blocks phytosterol absorption. To determine which plant sterol(s) caused the metabolic changes, we examined the effects of individual plant sterols on cholesterol metabolism in cultured adrenal cells. Addition of stigmasterol, but not sitosterol, inhibited SREBP-2 processing and reduced cholesterol synthesis. Stigmasterol also activated the liver X receptor in a cell-based reporter assay. These data indicate that selected dietary plant sterols disrupt cholesterol homeostasis by affecting two critical regulatory pathways of lipid metabolism. The ABC transporters ABCG5 and ABCG8 limit absorption and promote excretion of dietary plant sterols. It is not known why plant sterols are so assiduously excluded from the body. Here we show that accumulation of plant sterols in mice lacking ABCG5 and ABCG8 (G5G8 -/-mice) profoundly perturbs cholesterol homeostasis in the adrenal gland. The adrenal glands of the G5G8 -/-mice were grossly abnormal in appearance (brown, not white) due to a 91% reduction in cholesterol content. Despite the very low cholesterol levels, there was no compensatory increase in cholesterol synthesis or in lipoprotein receptor expression. Moreover, levels of ABCA1, which mediates sterol efflux, were increased 10-fold in the G5G8 -/-adrenals. Adrenal cholesterol levels returned to near-normal levels in mice treated with ezetimibe, which blocks phytosterol absorption. To determine which plant sterol(s) caused the metabolic changes, we examined the effects of individual plant sterols on cholesterol metabolism in cultured adrenal cells. Addition of stigmasterol, but not sitosterol, inhibited SREBP-2 processing and reduced cholesterol synthesis. Stigmasterol also activated the liver X receptor in a cellbased reporter assay. These data indicate that selected dietary plant sterols disrupt cholesterol homeostasis by affecting two critical regulatory pathways of lipid metabolism.
Introduction
Cholesterol and plant sterols are structurally similar, but undergo strikingly different metabolic fates in mammals. Plant sterols (including sitosterol, campesterol, and stigmasterol) represent a large proportion of dietary sterols, and yet the concentration of plant sterols in the blood and tissues of normal mammals is uniformly low when compared to the concentration of cholesterol (1) . The accumulation of plant sterols is actively prevented by two members of the ABC transporter family, ABCG5 and ABCG8 (2, 3) .
Both proteins are expressed in the intestine and the liver, where they function as a heterodimer to limit the absorption of dietary sterols and to promote the excretion of sterols from the liver into the bile. Mutations in ABCG5 and ABCG8 cause sitosterolemia, an autosomal recessive disorder in which plasma and tissue levels of plant sterols are increased 30-200 fold (4, 5) . Patients with sitosterolemia are frequently, but not invariably, hypercholesterolemic. A striking finding of this disorder is the markedly reduced rate of endogenous cholesterol synthesis, even in those patients with normal plasma cholesterol levels (5) . The molecular mechanism responsible for the very low rate of cholesterol synthesis in these patients is not known.
ABCG5 and ABCG8 are highly conserved among vertebrate species, and they efficiently exclude plant sterols from animal tissues. The low levels of plant sterols in animals has made it difficult to assess their biological effects. The reason why noncholesterol sterols are selectively eliminated from the body is not known. To examine the effects of plant sterols on cholesterol homeostasis, we developed mice lacking ABCG5 and ABCG8 (G5G8 -/-mice) (6) . These knockout mice have a greater than 30-fold increase in mean plasma and hepatic levels of plant sterols. The mice appear healthy and fertile and have no gross abnormalities (6) . The accumulation of plant sterols is associated with a compensatory decrease in cholesterol levels so that the total sterol content of the plasma and liver are not significantly altered (7) .
In addition to playing an important structural role in cell membranes, sterols are also required for synthesis of adrenal and gonadal steroid hormones. Although the adrenal gland can synthesize cholesterol, the major source of cholesterol for steroidogenesis is circulating lipoproteins (8, 9) . Cholesterol is acquired from circulating HDL by selective uptake via the scavenger receptor class B type I (SR-BI), and from circulating LDL by endocytosis mediated by the LDL receptor (LDLR) (10, 11) . In mice, HDL is the major source of cholesterol for steroidogenesis in the adrenal gland (8, 9, 12) , whereas in humans most adrenal cholesterol is derived from LDL (13) . The levels of SR-BI and LDLR in the adrenal glands increase in response to the pituitary hormone ACTH, which orchestrates the upregulation of many genes involved in the metabolism of cholesterol and its conversion to corticosteroids (14) (15) (16) . Corticosteroid synthesis is under feedback regulation so that when the levels of corticosteroids rise in the blood, ACTH secretion is inhibited, decreasing steroidogenesis. Administration of dexamethasone, a potent synthetic corticosteroid, dramatically reduces adrenal steroidogenesis. Disruption of cholesterol uptake into adrenal cells in mice, either by depleting circulating HDL (17, 18) or by inactivating SR-BI (19) , reduces the cholesterol ester content of the adrenal gland. In both ApoaI -/-and Srb1 -/-mice, cholesterol synthesis is increased in the adrenal gland to maintain the concentration of free cholesterol in adrenal cells.
Another source of cholesterol for steroidogenesis is cholesteryl esters stored in cytoplasmic lipid droplets. Unlike in the liver and most other tissues, where only a small fraction of tissue choles-terol is esterified, most cholesterol in the steroidogenic cells of the adrenal gland, testis, and ovary is esterified (20) . Mice lacking the form of acyl-CoA:cholesterol acyltransferase (ACAT) expressed in the adrenal glands have lipid-depleted adrenal cells (21) . Consequently, the rate of cholesterol synthesis is increased in the adrenal glands of the Acat1 -/-mice.
Results
Cholesteryl ester depletion in the adrenal gland of G5G8 -/-mice. The gross appearance of adrenal glands in G5G8 -/-mice differed markedly from that of age-and sex-matched wild-type mice. The adrenal glands of wild-type mice were pale pink, whereas those of the G5G8 -/-mice were reddish brown ( Figure 1A) . Staining of adrenal tissue with Oil Red O revealed significantly less lipid accumulation in the adrenal cortex of G5G8 -/-mice versus wild-type mice ( Figure  1B ). The lipid droplets in the cytoplasm of the adrenal cells in the zona fasiculata and the zona reticularis of the G5G8 -/-mice were smaller and less abundant than those in the wild-type animals, as judged by electron microscopy ( Figure 1C) .
The reduction in cholesterol content of the adrenal glands from G5G8 -/-mice was quantified by gas chromatography-mass spectrometry (GC-MS). Total adrenal sterol content was reduced by 85% in female G5G8 -/-mice and by 76% in male G5G8 -/-mice, as compared to wild-type controls ( Figure 2 and Table 1 ). The decrease in sterol content was due to a reduction in the cholesterol content of the glands. The total cholesterol content of the adrenal glands in female and male mice was reduced 91% and 83%, respectively. The cholesteryl ester content was 96% lower in female and 91% lower in male G5G8 -/-mice, whereas the free cholesterol content of the adrenal glands was reduced by 62% and 46% in female and male G5G8 -/-mice, respectively (Table 1) . Thus, although ABCG5 and ABCG8 are not expressed in the adrenal gland (2), the cholesterol content of the glands was dramatically altered by the inactivation of the two half-transporters.
In contrast to the marked reductions in levels of cholesterol and cholesteryl esters in the adrenal glands of G5G8 -/-mice, the levels of plant sterols in this organ were increased 2.4 fold in the female and 3.2 fold in the male G5G8 -/-mice (Table 1 and Figure 2 ). The increase in adrenal plant sterol levels was predominantly due to increases in free sitosterol and campesterol, which were roughly 53-fold and 8.5-fold higher, respectively, in the knockout mice compared to littermate controls. The amount of sitosteryl ester was increased (∼7 fold) in the knockout mice, whereas the amount of campesteryl ester was about 34% lower in G5G8 -/-mice versus wildtype animals. The levels of stigmasterol, another plant sterol that accumulates in tissues of the G5G8 -/-mice (7), were measured in a second group of female wild-type and knockout mice (n = 6 in each group); the mean tissue levels of stigmasterol were 70-fold higher in the knockout animals (4 ± 0.7 μg/g vs. 263 ± 34 μg/g of tissue).
ACAT and hormone-sensitive lipase activities were normal in the adrenal glands of the G5G8 -/-mice. To determine whether the lipid depletion of the adrenal glands in the G5G8 -/-mice was due to reduced ability to form sterol esters or to increased cholesteryl esterase activity,
Figure 1
Comparison of the adrenal glands from female G5G8 -/-mice with those from female wild-type mice. (A) Adrenal glands from 6-monthold female wild-type and G5G8 -/-mice. (B) Sections from the adrenal cortex of a female wild-type mouse and a female G5G8 -/-mouse after staining with Oil-Red O (×20 magnification). (C) Electron micrographs of the adrenal zona fasciculata of wild-type and G5G8 -/-mice. Adrenal glands were removed from 6-month-old female wild-type and G5G8 -/-mice, and electron microscopic sections were prepared and examined as described in Methods. Electron micrographs were taken at a magnification of ×2,500. Scale bars: 1 μm.
Figure 2
Adrenal sterol levels in G5G8 -/-and wild-type mice. Sterol concentrations were measured in pooled adrenal glands of 12-week-old female mice (n = 4 in each group) as described in Methods. The experiment was repeated twice, and the results were similar.
we compared the enzymatic activities of ACAT and hormone-sensitive lipase (HSL) in the adrenal glands of the G5G8 -/-and wildtype animals. No significant differences between the two strains of mice were found in the activities of these enzymes ( Figure 3) .
HMG-CoA reductase activity was reduced in the adrenal glands of the G5G8 -/-mice. To determine whether the markedly reduced levels of cholesterol in the adrenal glands of the G5G8 -/-mice resulted in an increase in endogenous cholesterol synthesis, we measured the activity of HMG-CoA reductase (HMGCR), the rate-limiting enzyme in cholesterol biosynthesis, in microsomes isolated from G5G8 -/-and wild-type mice. The activity of HMGCR was reduced 40% in the knockout animals ( Figure 3 ). This observation is consistent with reductions seen in levels of two biosynthetic precursor sterols in the G5G8 -/-adrenal glands: a 58% reduction in lathosterol (see below) and a 47% reduction in desmosterol (data not shown). This is also consistent with our previous finding that the rate of cholesterol synthesis in the adrenal glands of the knockout animals was reduced by 40% (6) . Thus, the reduction in the cholesterol content of the adrenal glands failed to stimulate an increase in cholesterol synthesis in the G5G8 -/-mice.
Comparison of selected mRNAs and proteins involved in sterol metabolism in G5G8 -/-and wild-type mice. Despite the >90% reduction in the cholesterol content of the G5G8 -/-adrenal glands, there were either no changes or reduced mRNA levels of SREBP-2 and several enzymes of the cholesterol biosynthetic pathway, including HMGCR, HMG-CoA synthase (HMGCS), farnesyl diphosphate synthase (FPPS) and squalene synthase ( Figure 4A ). The mRNA levels of SREBP-1c and ABCA1, which are target genes for the nuclear hormone receptor, liver X receptor (LXR) (22, 23) , were increased 2-fold. However, no significant differences were found in the mRNA levels of either fatty acid synthase (FAS) or stearoyl CoA desaturase (SCD), which are also upregulated in response to LXR agonists in other tissues (24, 25) . In addition, no changes were found in the mRNA levels of SR-BI or the LDLR ( Figure 4A ).
Next, we compared the levels of immunodetectable SR-BI, LDLR, and ABCA1 in the adrenal glands from the G5G8 -/-and wild-type mice ( Figure 4B ). No changes were found in the protein levels of either lipoprotein receptor, whereas ABCA1 levels were 10-fold higher in the adrenal glands of the G5G8 -/-mice. There was a greater increase in immunodetectable ABCA1 than in ABCA1 mRNA in the same tissue, suggesting a post-transcriptional effect of plant sterol accumulation on ABCA1 ( Figure 4B ).
Response to acute ACTH stimulation is normal in G5G8 -/-mice. To determine whether the depletion of cholesteryl esters compromised the ability of the adrenal gland to respond to stress, we challenged G5G8 -/-mice with ACTH and measured the resulting increase in circulating corticosterone, the major corticosteroid in mice. No significant differences were found between G5G8 -/-and wild-type mice in either the basal or stimulated levels of plasma corticosterone ( Figure 5A ). The plasma levels of corticosterone increased by ∼133% in the wild-type mice and ∼148% in the G5G8 -/-mice after treatment with ACTH. Thus, despite the very low levels of cholesterol in the G5G8 -/-adrenal glands, these mice had sufficient steroidogenic capacity to maintain a normal response to an acute ACTH stimulus ( Figure 5A ).
Sterol accumulation in the adrenals of dexamethasone-treated mice. To determine whether inhibition of steroidogenesis in the adrenal glands of G5G8 -/-mice restored sterol accumulation, the mice were treated with dexamethasone (160 μg/day) for 6 days. Treatment resulted in a 2.5-fold increase in the cholesterol content of the adrenal glands of the G5G8 -/-mice, although both the free and esterified cholesterol content of the tissues remained significantly reduced when compared to the untreated wild-type mice ( Figure 5B ). Dexamethasone treatment was associated with significant increases in plant sterol esters and cholesteryl esters, in the adrenal glands of Total sterols (cholesterol plus sitosterol and campesterol) and free and esterified sterols from pooled adrenal glands of 6-month-old male and 3-month-old female mice in each group (n = 4) were measured by gas chromatography, as described in Methods. Data are expressed as milligrams of sterol per gram of wet adrenal gland tissue.
Figure 3
The activities of ACAT, HSL, and HMGCR in adrenal glands of wildtype and G5G8 -/-mice. Adrenal homogenates and microsomes were prepared from pooled adrenal glands of 12-week-old female mice (n = 6 in each group). The assays were performed in triplicate on two occasions. Values are means ± SEM.
the G5G8 -/-mice. Thus, feedback inhibition of steroidogenesis by treatment with a potent corticosteroid resulted in the accumulation of sterols in both wild-type and G5G8 -/-mice.
The cholesterol content of the G5G8 -/-adrenal glands increases in response to treatment with the sterol absorption inhibitor ezetimibe.
The depletion of adrenal cholesterol in G5G8 -/-mice may be caused by accumulation of dietary sterols in the adrenal cells. To test this hypothesis, we treated G5G8 -/-mice for one month with ezetimibe (SCH58235), an inhibitor of sterol absorption (26) . Ezetimibe treatment resulted in a 50% reduction in the sitosterol and campesterol content of the adrenal glands of knockout animals and a significant increase in the concentration of adrenal cholesterol (from 8.6 mg/g to 31.2 mg/g) ( Figure 6 ). Ezetimibe treatment also increased the levels of the cholesterol biosynthetic precursor sterols lathosterol ( Figure 6 ), desmosterol, and lanosterol (data not shown) in adrenal glands of the knockout animals. These data are consistent with the notion that cholesterol depletion of the adrenal glands in the G5G8 -/-mice resulted from the accumulation of a dietary constituent, presumably plant sterols, that inhibits cholesterol synthesis and whose uptake is inhibited by ezetimibe.
Suppression of HMGCR by phytosterols in cultured adrenal cells. To determine if the accumulation of a specific dietary plant sterol(s) caused the reduction in cholesterol synthesis, we examined the effects of selected plant sterols on HMGCR levels in cultured adrenocortical cells (Y1-BS1 cells). A total of 50 μg/ml of cholesterol, sitosterol, campesterol, stigmasterol, or brassicasterol dissolved in ethanol was added to the culture medium and incubated with the adrenal cells for 24 hours ( Figure 7A ). HMGCR levels were unchanged in cells treated with ethanol alone, and were reduced to undetectable levels in cells treated with 25-hydroxycholesterol, a potent inhibitor of cholesterol synthesis. Significant reductions in the levels of HMGCR were detected in cells treated with cholesterol, campesterol, and stigmasterol, but not in cells treated with sitosterol. A modest decrease in HMGCR was seen in the cells treated with brassicasterol. The changes observed in HMGCR levels were not attributable to differences in the amount of the various sterols that entered the cells. The highest cellular concentration of phytosterols was seen in the sitosterol-treated cells (11.2 ± 3.8 μg/mg protein), and the lowest level was seen in cells treated with brassicasterol (3.1 ± 0.6 μg/ mg protein). The cellular levels of campesterol and stigmasterol were intermediate between these extremes (7.3 ± 1.9 μg/mg and 6.1 ± 2.2 μg/mg protein, respectively). The cellular differences in response to the various plant sterols were not attributable to secondary effects of the phytosterols on the cellular content of cholesterol. No significant differences in the cholesterol levels in the cells treated with sitosterol, campesterol, stigmasterol, or brassicasterol were detected (21.6 ± 0.8, 21.2 ± 0.6, 21.5 ± 0.5, and 19.3 ± 1.6 μg/mg protein, respectively). Thus, treatment of cells with some, but not all, plant sterols was associated with significant reductions in HMGCR levels that were not due to changes in cholesterol levels.
Stigmasterol induces a dose-dependent reduction in HMGCR protein in Y1-BS1 cells.
A detectable reduction in HMGCR protein was apparent within 6 hours of adding stigmasterol to the medium of the cultured adrenal cells; within 24 hours, HMGCR had fallen to very low levels ( Figure 7C ). Next, we calculated the dose-response relationship between stigmasterol concentration and HMGCR levels ( Figure 7D) . A greater than 50% reduction in HMGCR levels was seen with 25 μg/ ml of stigmasterol treatment, and increasing levels of stigmasterol were associated with a progressive decrease in HMGCR levels.
Reduction of cholesterol synthesis in stigmasterol-treated Y1-BS1 cells. To determine if the reduction in HMGCR protein was associated with a reduction in other cholesterol-regulated genes, we examined the effect of stigmasterol treatment on mRNA levels for three genes in the cholesterol biosynthetic pathway -HMGCR, HMGCS, and FPPS -as well as on the level of LDLR mRNA. (Figure 8A ). The levels of all four of these transcripts were reduced in a dose-dependent fashion when stigmasterol was added to the medium.
Consistent with the reductions in the mRNA levels of multiple enzymes in the cholesterol biosynthetic pathway, cholesterol synthesis was found to be markedly reduced in the cells treated with stigmasterol ( Figure 8B ). These results suggested that stigmasterol may interfere with the cholesterol regulatory machinery in cells. To test this hypothesis, we examined the processing of SREBP-2 in cultured adrenal cells treated with sitosterol, campesterol, or stigmasterol ( Figure 9 ). Under cholesterol-depleted conditions, most of
Figure 4
Expression levels of selected genes and proteins involved in lipid metabolism in G5G8 -/-mice. (A) Relative mRNA levels in adrenal glands of wild-type and G5G8 -/-mice. Total RNA was extracted from pooled adrenal glands of 6-month-old female wild-type and G5G8 -/-mice (n = 5 in each group) and quantified by real-time PCR as described in Methods using cyclophilin as an internal control. Values are expressed relative to those of chow-fed wild-type mice, which were arbitrarily standardized to 1. The experiment was also performed using adrenal glands from male mice and the results were similar. SS, squalene synthase. (B) Protein levels of LDLR, SR-B1, and ABCA1 in the adrenal glands of wild-type and G5G8 -/-mice. Adrenal membrane proteins were prepared from pooled adrenal glands of 6-month-old male wild-type and G5G8 -/-mice (n = 4 in each group) and immunoblotted with antibodies to LDLR, SR-BI, and ABCA1 as described in Methods. Filters were re-probed with various antibodies after stripping.
the SREBP-2 in the ER undergoes proteolytic processing to mature SREBP-2 (27) . Mature SREBP-2 enters the nucleus and stimulates expression of genes encoding enzymes in the cholesterol biosynthetic pathway (27) . Treatment with 25-hydroxycholesterol plus cholesterol completely inhibited SREBP-2 processing, whereas sitosterol had no effect on the amount of mature SREBP-2 produced. Stigmasterol almost completely inhibited processing of the transcription factor, whereas campesterol had a more modest inhibitory effect ( Figure 9 ). These results are consistent with an inhibitory effect of plant sterols on SREBP-2 processing, which would contribute to the reduction in cholesterol synthesis in the adrenal glands of the G5G8 -/-mice.
Next we examined whether the increased ABCA1 expression in the adrenal gland is due to activation of LXR by plant sterols. Using a reporter gene assay, we compared the effect of sitosterol and stigmasterol on LXR activation in CHO-7 cells. A potent synthetic LXR agonist, T0901317, increased LXR-mediated transcription 16 fold; the activation was inhibited by addition of arachidonate, an LXR antagonist (28) . Addition of sitosterol (25 μg/ml) failed to stimulate LXR-mediated luciferase expression in the same assay. In contrast to sitosterol, stigmasterol treatment (25 μg/ml) was associated with a 5-fold increase in luciferase expression, and this increase in expression was inhibited by the addition of arachidonate.
Discussion
In this paper we show that accumulation of plant sterols in the adrenal glands of G5G8 -/-mice profoundly alters adrenal cholesterol homeostasis. Despite the marked increase in both the free and esterified plant sterol content of the adrenal glands, total sterol content (cholesterol plus plant sterols) was reduced by more than 75% in the G5G8 -/-mice. The reduction in adrenal sterol content was predominantly due to a reduction in cholesteryl esters, although free cholesterol levels were also significantly reduced. The low cholesterol content of the adrenal glands in the G5G8 -/-mice failed to elicit an increase in the levels of enzymes catalyzing de novo cholesterol synthesis or in the levels of the lipoprotein receptors that mediate cholesterol uptake. Protein levels of ABCA1, a mediator of cholesterol efflux from cells, were increased 10 fold in the adrenal glands of the G5G8 -/-mice, implicating a paradoxical increase in sterol efflux as a contributing factor to sterol depletion. Ezetimibe treatment, which inhibits sterol absorption, increased the cholesterol content of the adrenal gland, indicating that the accumulation of plant sterols was responsible for altered cholesterol homeostasis in the adrenal glands of the G5G8 -/-mice.
Since ABCG5 and ABCG8 mRNAs are not present in the adrenal glands of normal mice (2), the alterations in the appearance and sterol content of the adrenal glands of the G5G8 -/-mice are
Figure 5
Changes in adrenal steroids in G5G8 -/-mice in response to ACTH and dexamethasone. (A) Serum corticosterone levels in response to ACTH stimulation in wild-type and G5G8 -/-mice (n = 4 per group). *P < 0.05, basal vs. ACTH. (B) The sterol content of adrenal glands in wild-type and G5G8 -/-mice, before and after dexamethasone (DEX) treatment (n = 4 per group). Values are means ± SEM of measurements made in triplicate.
Figure 6
Adrenal sterol content in wild-type and G5G8 -/-mice treated with ezetimibe (0.005% for 1 month). The data are mean ± SEM of each group (n = 6). **P < 0.000001, chow vs. ezetimibe. not due to a local deficiency of these proteins. Thus the severe lipid depletion of the adrenal glands in the G5G8 -/-mice is a secondary effect of ABCG5 and ABCG8 deficiency, most likely due to the accumulation of noncholesterol sterols. Consistent with this notion, ezetimibe treatment limited the accumulation of noncholesterol sterols and increased adrenal cholesterol to nearnormal levels in the G5G8 -/-mice.
The accumulation of plant sterols may lead to depletion of adrenal cholesterol by several mechanisms. Circulating HDL is the major source of adrenal sterols in rodents (9) , and plasma HDL-C levels are decreased by ∼40% in the G5G8 -/-mice (6). The reduction in adrenal sterol levels cannot be attributed solely to a reduction in circulating lipoprotein concentrations, however, since even larger reductions in circulating HDL are not associated with changes in adrenal cholesterol content in Apoa2 knockout mice (17) . Genetic defects that limit the uptake of HDL-C, including deficiency of apoAI (17) and SR-BI (19), have major effects on adrenal cholesterol homeostasis. Could the enrichment of circulating HDL particles with plant sterols in the G5G8 -/-mice interfere with the selective uptake process? The movement of sterols from HDL into the adrenocortical cells is mediated by SR-BI and occurs in a specialized series of microvillar channels (29) . The expression of SR-BI was normal in the G5G8 -/-mice, and inspection of their microvillar channels by electron microscopy failed to reveal gross structural changes that might interfere with sterol transport into the adrenal cells (data not shown). Furthermore, the accumulation of plant sterols in the adrenal glands of the G5G8 -/-mice suggests that the receptor-mediated mechanisms for sterol uptake into the adrenal cells remain intact.
Depletion of adrenal cholesterol may also be caused by a diminished capacity to store cholesterol, or by accelerated loss of cholesterol either by conversion to adrenal steroids or by direct secretion. Adrenal cholesterol content is markedly reduced in mice lacking Acat1 (21) , which encodes the form of ACAT expressed in the adrenal gland, but adrenal ACAT activity was normal in G5G8 -/-mice. Treatment with dexamethasone to suppress adrenal sterol formation did not restore adrenal cholesterol levels in G5G8 -/-mice.
Figure 7
Effects of cholesterol and noncholesterol sterols on HMGCR, LDLR, and SR-BI protein levels in Y1-BS1 cells. (A) Y1-BS1 cells were plated on day 0 (0.4 × 10 6 cells per well) in 6-well plates and grown in medium A. On day 3, the medium was switched to DMEM/F12 plus 10% NCLPPS, 50 μM mevalonate, and 50 μΜ compactin. After 16 hours, sterols were added in ethanol at either 50 μg/ml for cholesterol, sitosterol, stigmasterol, and bassicasterol or 1 μg/ml for 25-hydroxycholesterol plus 10 μg/ml cholesterol (25-HC + C). After 24 hours, the cells were harvested and cell lysates were prepared. Immunoblot analysis was performed using a monoclonal antibody to HMGCR as described in Methods. (B) Membranes were isolated from the cells, and 60 μg of protein was subjected to immunoblotting using anti-LDLR and SR-BI antibodies as described in the Methods. (C) On day 3, the medium was switched to DMEM/F12 plus 10% NCLPPS, 50 μM compactin, and 50 μM mevalonate. After 16 hours, 50 μg/ml of stigmasterol was added in ethanol and cells were incubated for the indicated times. (D) On day 3, the medium was switched to DMEM/F12 plus 10% NCLPPS, 50 μM compactin, and 50 μM mevalonate. After 16 hours, stigmasterol was added at the doses indicated. Cells were incubated for 24 hours. Lysates were prepared and immunoblotted for HMGCR. The final concentrations of ethanol were 1% (A-C) or 2% (D).
Figure 8
Effect of stigmasterol on mRNA levels (A) and cholesterol synthesis (B) in Y1-BS1. (A) Y1-BS1 cells were plated and treated with stigmasterol for 24 hours as indicated. Messenger RNA levels were quantified by real-time PCR as described in Methods. Values were expressed relative to untreated samples, which were arbitrarily standardized to 1. The experiment was repeated twice and similar results were obtained. (B) Y1-BS1 cells were treated with stigmasterol (50 μg/ml) or sterols (1 μg/ml 25-hydroxysterol plus 10 μg/ml cholesterol; 25-HC + C) for 24 hours. Cholesterol synthesis was measured by 14 C acetate incorporation as described in Methods.
Therefore the depletion of adrenal sterols in G5G8 -/-mice is not due to an increase in the conversion of cholesterol to adrenal steroids. We did not directly measure the rates of efflux of adrenal cholesterol in this study, but the level of ABCA1, a protein that mediates cholesterol efflux, was approximately 10-fold higher n the adrenal glands of the G5G8 -/-mice than in their wild-type littermates. There is compelling evidence that ABCA1 transports sitosterol as well as campesterol (30) . The increased levels of ABCA1 protein in the adrenal gland of the G5G8 -/-mice may contribute to the cholesterol depletion by enhancing efflux of sterols from the adrenocortical cells.
The stimulus for upregulation of ABCA1 in the adrenal gland of G5G8 -/-mice is not known, but is presumed to be either a direct effect of the one of the plant sterols or an indirect effect of these sterols on cholesterol metabolism. ABCA1 is a target gene of the nuclear receptor LXR (22, 30, 31) . Cholesterol, or the administration of the potent LXR agonist T0901317, increases expression of ABCA1 in the small intestines and livers of mice (32) . The paradoxical upregulation of ABCA1 in the adrenal cells, in which the levels of cholesterol are low, suggests that one of the plant sterols that accumulates in the tissues of the G5G8 -/-mice may be a direct LXR agonist. Using a luciferase reporter assay, we found that stigmasterol, but not sitosterol, activates LXR-α, suggesting that stigmasterol may be the endogenous ligand responsible for increasing ABCA1 expression in the G5G8 -/-mice. This finding is consistent with a previous observation that the phytosterol-derived compound YT-32 is an LXR agonist (33) . Alternatively, the accumulation of plant sterols may promote the generation of another agonist that results in increased expression of ABCA1, for example by stimulating adenosine 3′, 5′-cyclic monophosphate (cAMP) (34) or by inhibiting geranylgeranyl transferase (35) .
Interestingly, the increase in ABCA1 protein was greater than the increase in ABCA1 mRNA, suggesting a posttranscriptional effect on ABCA1. Moreover, addition of stigmasterol to cultured adrenal cells resulted in an increase in ABCA1 mRNA, although we were not able to detect any ABCA1 protein with our antibody (data not shown). ABCA1 has a protein sequence rich in proline, glutamic acid, serine, and threonine (PEST sequence) site, and degradation of the protein is affected by binding to apoAl ligand, as well as by changes in the lipid composition of the membrane (36) (37) (38) . Further studies will be required to examine the effects of plant sterols on ABCA1 half-life.
Although the cholesterol content of the adrenals was dramatically reduced, the expression profiles of cholesterol-regulated genes and proteins in the G5G8 -/-adrenals were consistent with the adrenal cells being cholesterol replete. Other genetic perturbations that result in cholesteryl ester-depleted adrenal glands stimulate counter-regulatory responses that increase the endogenous synthesis and import of cholesterol by upregulating HMGCR, SR-BI, and LDLR (17, (39) (40) (41) . For example, the adrenal glands of apoAI -/-mice have a more than 5-fold increase in HMGCR activity and a more than 2-fold increase in LDLR levels compared to wild-type controls (17) . In contrast to these findings, no increases in SR-BI or LDLR mRNA or protein levels were seen in the adrenal glands of the G5G8 -/-mice. Nor was an increase in de novo cholesterol synthesis observed, as measured directly (6) or as reflected in the levels of mRNA for enzymes in the cholesterol biosynthetic pathway (Figure 4 ) or the levels of cholesterol biosynthetic precursors in the adrenal glands of the G5G8 -/-mice.
The mRNA levels of all the genes in the cholesterol biosynthesis pathway were reduced in the livers of G5G8 -/-mice (7), suggesting that plant sterols exert their inhibitory effect on cholesterol synthesis at the level of transcription. Plant sterols may also directly inhibit the activity of one or more of the enzymes in the cholesterol biosynthetic pathway or enhance the degradation of those enzymes in the adrenal cells. Field and coworkers (42) reported previously that sitosterol reduces HMGCR activity, mRNA levels, and protein levels in the intestine-derived cell line CaCO-2. In fibroblasts, both sitosterol and campesterol have modest effects on HMGCR activity (43) . In our studies of cultured adrenal cells, HMGCR protein levels were not affected by sitosterol but were significantly reduced by stigmasterol, the Δ22 derivative of sitosterol, and campesterol, which has a methyl rather than an ethyl group at C24. We then
Figure 9
Effect of phytosterol on SREBP processing in Y1-BS1 cells. Y1-BS1 cells were plated on day 0 at a density of 1 × 10 6 cells/dish in 10 cm dishes and treated as described in the legend to Figure 7 . The cells were treated with the various sterols for 24 hours (50 μg/ml sitosterol, campesterol, stigmasterol, or 25-HC + C [3 μg/ml 25-hydroxycholesterol plus 10 μg/ml cholesterol]). The membrane and nuclear fractions were prepared and subjected to immunoblot analysis with a rabbit anti-mouse polyclonal anti-SREBP-2 antibody. The experiment was replicated once and showed a similar result. † Nonspecific bands of an unknown protein.
Figure 10
Effect of plant sterols on LXR-luciferase reporter activity in CHO-7 cells. CHO-7 cells were plated on day 0 at a density of 2 × 10 5 cells in 6-well plates. On day one, cells were cotransfected with pCMX/Gal4-LXR-α (0.26 μg/well) and pMH100X4-TK-luc (0.88 μg/well) and pCMXβGal (0.5 μg/well). Cells were incubated in growth medium containing 50 μΜ compactin and 5 μM mevalonate as described in Methods. After 16 hours the luciferase activities were assayed as described in Methods. The experiment was performed 3 times and the values shown are the results of a representative experiment.
showed that stigmasterol, and to a lesser extent campesterol, interferes with SREBP cleavage (44) . The levels of stigmasterol required to demonstrate a reduction in HMGCR protein were similar to those measured in the circulation of G5G8 -/-mice (7), which suggests that the accumulation of this sterol may contribute to altered cholesterol homeostasis in the G5G8 -/-mice. Future studies will be required to determine the exact mechanism by which the accumulation of non-cholesterol dietary sterols interferes with the cholesterol regulatory machinery.
Surprisingly, despite the scant stores of cholesteryl esters and the reduced levels of endogenous cholesterol synthesis in the adrenal glands of the knockout mice, the ability of the glands to respond acutely to ACTH was unimpaired. Both campesterol and sitosterol are substrates for the side-chain cleavage reaction, the first committed step in steroidogenesis (45) (46) (47) . Thus, the plant sterols may be used as a substrate for steroid synthesis in the adrenal glands of the G5G8 -/-mice. Only a single patient with sitosterolemia has undergone an autopsy (48) , but unfortunately the adrenal glands were not analyzed. Therefore, it is not known whether humans with sitosterolemia have lipid-depleted adrenal glands. No reports of adrenal insufficiency or infertility have been described in patients with sitosterolemia, although it remains possible that adrenal insufficiency has contributed to the death of some patients with sitosterolemia presumed to have died from a cardiac event.
The findings reported here provide insights into the mechanism responsible for the very low rates of cholesterol synthesis found in individuals with sitosterolemia, even those who are normocholesterolemic (5). Our data indicate that accumulation of stigmasterol, and perhaps other bioactive sterols, downregulates the cholesterol regulatory machinery, resulting in reduced cholesterol biosynthesis. Consistent with this scenario is our finding that ezetimibe treatment was associated with a significant increase in cholesterol synthesis, as reflected by increased lathosterol levels, in the adrenal gland of the G5G8 -/-mice ( Figure 6 ). It is of interest that tissue levels of lathosterol were also increased in the adrenal glands of the ezetimibe-treated wild-type mice, despite the low tissue levels of phytosterols at baseline. Further reduction of plant sterol levels was associated with a significant increase in tissue lathosterol levels. Plasma levels of plant sterols vary over a wide range in normal individuals (63) , and these differences may affect cholesterol metabolism and contribute to individual differences in responsiveness to ezetimibe and other lipid-lowering agents.
Methods
Materials. Sterols were from Sigma-Aldrich or Steroloids Inc. Methyl-β-cyclodextrin, phosphatidylcholine, cholesteryl oleate, oleoyl CoA, HMG CoA, mevalonolactone, ACTH 1-24, dexamethasone (DEX, water soluble), glucose 6-phosphate, NADPH, glucose-6-phosphate dehydrogenase, and arachidonic acid were from Sigma-Aldrich. T0901317 was purchased from Cayman Chemical Co., [1-14 C] oleoyl CoA, cholesteryl-[1-14 C] oleate, [9, Animals and cell culture. G5G8 -/-mice were generated and maintained as described (6) . All animal procedures were performed with the approval of the Institutional Animal Care and Research Advisory Committee at the University of Texas Southwestern Medical Center. Y1-BS1 cells, a cell line from a mouse adrenocortical tumor, were maintained in medium A (1:1 mixture of DMEM and Ham's F-12 medium, containing 100 U/ml penicillin and 100 μg/ml streptomycin sulfate) supplemented with 15% horse serum and 2% FCS and grown at 37°C in 8-9% CO2. CHO-7 cells were grown in medium A supplemented with 5% newborn calf lipoprotein-poor serum (NCLPPS) under the same conditions.
Tissue preparation and electron microscopy. Mice were anesthetized by an intraperitoneal injection of pentobarbital (30 mg/kg body weight) and the adrenal glands were quickly removed and minced into small pieces. The specimens were immersion-fixed in 2% (vol/vol) glutaraldehyde in Hanks' balanced salt solution (20 mM HEPES, pH 7.4), rinsed twice in PBS buffer (10 mM phosphate, 0.15 M NaCl, pH 7.3) and then postfixed in 1% osmium tetroxide in PBS buffer for 60 minutes, followed by extensive washing with distilled water. The specimens were then subjected to a series of ethanol dehydrations and embedded in Embed 812 (Electron Microscopy Sciences). Ultrathin sections (∼80 nm) were cut with a diamond knife using a Leica Ultracut R ultramicrotome, placed on Formvar/carbon-coated nickel grids (Electron Microscopy Sciences), and stained with 3% aqueous uranyl acetate (15 minutes) and lead acetate (5 minutes). The sections were examined using a JEOL1200 EX transmission electron microscope (JEOL Ltd.) operating at 80 kV, and electron micrographs were taken at a magnification of ×2,500.
The adrenal glands were stained with Oil Red O as described (54) . Lipid chemistries. The levels of total sterols, free sterols and sterol esters were measured in adrenals as described (17) . Briefly, mice were anesthetized 8 hours after the dark cycle and the adrenal glands were collected, dissected free of adipose tissue, rinsed in 0.9% NaCl, blotted dry, and then weighed. The adrenal glands were minced and the lipids were extracted in chloroform/methanol (2:1) in a glass tube. The levels of the free sterols were measured using gas chromatography. Total sterols were measured in parallel samples that were saponified prior to lipid extraction. Sterol esters were determined by subtracting the free sterols from the total sterols.
ACTH stimulation and the dexamethasone inhibition assay. The ACTH stimulation test was performed as described (17) in male mice (8-12 weeks old) with the following modifications. The mice were housed individually for one week prior to obtaining ∼200 μl of blood from the retro-orbital plexus for basal measurements of corticosterone. Plasma was isolated and stored at -80°C. Two weeks later, the mice were injected intraperitoneally with 0.5 ml of saline or with 50 μg of ACTH in 0.5 ml saline, as described (41) . After 1 hour, blood samples were collected and plasma was isolated and frozen at -80°C. Corticosterone levels were measured in the laboratory of David Hess (Oregon Health Science University, Portland, Oregon, USA) (55) .
For the dexamethasone inhibition assay, mice were injected intraperitoneally with either 0.2 ml of saline or 160 μg dexamethasone in 0.2 ml of saline for 6 days. The mice were sacrificed 4 hours after the last injection. The adrenal glands were processed as described above, and the free sterols and sterol esters were quantified as previously described (17) .
Quantitative real-time PCR. Total RNA was extracted from pooled adrenal glands using RNA Stat-60 kit (Tel-Test Inc.), and real-time PCR was performed as described (56, 57) .
Preparation of adrenal homogenates and microsomes. The adrenal glands from 6 G5G8 -/-and 6 wild-type mice were stripped of fibrous and adipose tissue and homogenized in 1 ml of TES buffer (20 mM Tris-HCl, 1 mM EDTA, and 250 mM sucrose, pH 7.4) using a polytron. The crude preparation was then centrifuged at 600 g for 10 minutes and the supernatant was collected (adrenal homogenate). The homogenate was centrifuged at 12,000 g for 15 minutes and the supernatant was collected and recentrifuged at 100,000 g for 30 minutes to obtain the microsomal pellet. The pellet was resuspended in a solution containing 50 mM potassium phosphate and 2 mM dithiothreitol (pH 7.5), and then stored at -80°C.
Immunoblot analysis. Adrenal homogenates were prepared as described above and then centrifuged at 100,000 g for 30 minutes at 4°C. Membrane pellets were resuspended in SDS lysis buffer (1% SDS, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, and 10 mM Tris-HCl, pH 6.8) and size-fractionated on 8% SDS-polyacrylamide gels.
Y1-BS1 cells were lysed and membrane and nuclear fractions were prepared as previously described (58) . Proteins were transferred to Hybond-C Extra Nitrocellulose filters (Catalog no. RPN303E, Amersham Biosciences), immunoblotted using antibodies to the LDLR, SR-BI, ABCA1, HMGCR, SREBP-2, and calnexin, incubated with HRP-conjugated goat anti-rabbit IgG (Sigma-Aldrich), and visualized using SuperSignal substrate system (Pierce Biotechnology Inc.).
ACAT, HSL, and HMGCR activity assays. The ACAT activity in the adrenal gland was determined as described (40) , except that the cholesterol was added in 5% methyl-β-cyclodextrin rather than in acetone. HSL was measured as described (59) except that an internal standard (0.01 μCi [ 3 H] oleic acid) was added when the reaction was terminated with addition of 3 ml chloroform/methanol/heptane (250:230:180).
HMGCR activity in adrenals was measured as described (40) . Cholesterol synthesis assay. Y1-BS1 cell were set up at 0.5 × 10 6 cell/dish in 60 mm dishes on day 0. On day 3 the cells were switched to medium containing NCLPPS (3 ml/dish). After a 16 hour incubation, either 25-hydroxycholesterol (1 μg/ml 25-hydroxycholesterol, 10 μg/ml cholesterol) or stigmasterol (50 μg/ml) was added and the cells were incubated for an additional 24 hours. The incorporation of 14 C acetate into cholesterol was assayed as described (60) .
Promoter reporter assay for LXR activity. CHO-7 cells were plated in 6-well plates on day 0 at a density of 2 × 10 5 cells per well. On day 1, when the cells were 60% confluent, the cells were transfected with 0.26 μg of pCMXGal4-LXR-α, an expression construct containing the LXR-α ligand binding site (amino acids 166-447) and 0.88 μg pMH100X4-thymidine kinase-luc (pMH100X4-TK-luc), a luciferase reporter construct (61, 62) , and 0.5 μg pCMX-βGal using Fugene 6 (Roche Applied Science) according to the manufacturer's protocol. Cells were then incubated in medium A containing 50 μM contactin and 50 μM melavonate supplemented with 5% NCLPPS. Sterols (in ethanol) and T0901317 (in DMSO) at the concentrations indicated in Figure 10 were added to the medium in the absence or presence of 200 μM arachidonate. After 16 h, the cells were harvested and the luciferase assay was performed as described (62) .
Statistical analysis. All data are reported as the mean ± the standard error of the mean (SEM). The differences between the mean values of G5G8 -/-and of wild type mice were tested for statistical significance by the twotailed Student's t test.
